REPORT  DOCUMENTATION  PAGE 


AFRL-SR-AR-TR-04- 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  indue  fees, 

gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Se  f  this 

collection  of  information,  including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Servic.  ^ )  erson 

Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  projeci  - 

1.  AGENCY  USE  ONLY  (Leave  blank)  2.  REPORT  DATE  3.  REPORT  TYPE  AND  DATES  COVERED 

*  *  ‘  01  May  2003  -  30  Apr  2004  FINAL 

4.  TITLE  AND  SUBTITLE 

(DURIP  FY02)  Optica/Millimeter-Wave  Double-Resonance  Spectroscopy  of  Fydberg 
Atoms 

5.  FUNDING  NUMBERS 

61103D 

3484/US 

6.  AUTHOR(S) 

Professor  Gallagher 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESSEES) 

UNIVERSITY  OF  VIRGINIA 

PO  BOX  400195 

CHARLOTTESVILLE  VA  22904-4195 

8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

AFOSR/NE 

4015  WILSON  BLVD 

SUITE  713 

ARLINGTON  VA  22203 

10.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 

F49620-03- 1-0287 

11.  SUPPLEMENTARY  NOTES 

12a.  DISTRIBUTION  AVAILABILITY  STATEMENT 

DISTRIBUTION  STATEMENT  A:  Unlimited 

12b.  DISTRIBUTION  CODE 

13.  ABSTRACT  (Maximum  200  words) 

AFOSR  grant  F49620-03- 1-0287  is  a  DURJP  grant  providing  laser  and  millimeter  wave  instrumentation  for  the  AFOSR 
sponsored  research  programs  of  Robert  Jones  and  Thomas  Gallagher  at  the  University  of  Virginia.  The  objectives  of  these  tw( 
programs  entitled  “Time  Dependent  Manipulation  of  Electronic  Wavefiinctions’  and  “Structure  and  Dynamics  of  Excited 
Atoms”  are  1.  the  manipulation  of  Rydberg  atom  wavefunctions  using  sophisticated  optical  techniques,  and  2.  using 
millimeter  wave  resonance  techniques  to  explore  the  properties  of  a  frozen  Rydberg  gas.  As  described  below  these  research 
programs  can  lead  to  new  methods  for  quantum  information  processing ’3  and  form  a  bridge  between  atomic  physic  and 
condensed  mafter  physics.  4 

20041028  015 


14.  SUBJECT  TERMS 


15.  NUMBER  OF  PAGES 


16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 

Unclassified 


18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

Unclassified 


19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

Unclassified 


20.  LIMITATION  OF  ABSTRACT! 


UL 


Standard  Form  298  (Rev.  2-89)  (EG) 

Prescribed  by  ANSI  Std.  239.18 

Designed  using  Perform  Pro,  WHS/DIOR,  Oct  94 


Optical/Millimeter-Wave  Double-Resonance  Spectroscopy 

of  Rydberg  Atoms 

DURIP  Grant  No.  F49620-03-1-0287 


Final  Report  Prepared  for: 


Dr.  Anne  Matsuura 

Air  Force  Office  of  Scientific  Research 
4015  Wilson  Blvd.,  Room  939-A 
Arlington,  VA  22203-1954 


Thomas  F.  Gallagher 
Department  of  Physics 
University  of  Virginia 
Charlottesville,  VA 


DISTRIBUTION  STATEMENT  A 

Approved  for  Public  Release 
Distribution  Unlimited 


'  AFOSR  grant  F49620-03- 1-0287  is  a  DURIP  grant  providing  laser  and  millimeter  wave 
instrumentation  for  the  AFOSR  sponsored  research  programs  of  Robert  Jones  and  Thomas 
Gallagher  at  the  University  of  Virginia.  The  objectives  of  these  two  programs  entitled  “Time 
Dependent  Manipulation  of  Electronic  Wavefiinctions”  and  “Structure  and  Dynamics  of  Excited 
Atoms”  are  1.  the  manipulation  of  Rydberg  atom  wavefiinctions  using  sophisticated  optical 
techniques,  and  2.  using  millimeter  wave  resonance  techniques  to  explore  the  properties  of  a  frozen 
Rydberg  gas.  As  described  below  these  research  programs  can  lead  to  new  methods  for  quantum 
information  processing1'3  and  form  a  bridge  between  atomic  physic  and  condensed  matter  physics.4 

Highly  excited,  or  Rydberg,  atoms  have  one  electron  in  a  state  of  high  principal  quantum 
number  n.  Since  the  orbital  radius  of  the  Rydberg  electron  scales  as  n2  and  the  binding  energy  as 
1/n2,  in  a  Rydberg  atom  the  electron  is  in  a  large,  weakly  bound  orbit.5  Consequently,  Rydberg 
atoms  have  exaggerated  properties  relative  to  ground  state  atoms.  For  example,  the  dipole  matrix 
element  for  the  30s  -  30p  transition  is  900  eao  whereas  the  analogous  2s  -  2p  matrix  element  is 
4  eao.  The  exaggerated  properties  allow  us  to  study  in  a  controlled  way  physically  interesting 
problems,  such  as  the  exciton  like  diffusion  of  population  in  a  frozen  Rydberg  gas4'6  and  make 

13 

Rydberg  atoms  attractive  systems  for  quantum  information  applications. ' 

A  single  atom  is  perhaps  the  smallest  device  that  can  be  used  to  store  classical  or  quantum 
information.  For  example,  in  a  single  atom  data  register,  an  electron  in  its  ground  state  can 
represent  logical  0  while  an  electron  in  its  first  excited  state  would  indicate  logical  1.  Considerably 
more  data  can  be  stored  in  a  multi-level  atom  by  mapping  information  into  the  complex  amplitudes 
of  different  states  in  a  coherent  superposition.1  Alternatively,  instead  of  using  eigenstates  for  the 
individual  data  registers,  one  could  use  the  spatial  distribution  of  electron  probability  as  a  data 
image.7  Both  of  these  approaches  are  considerably  more  attractive  for  Rydberg  atoms  due  to  the 
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large  spatial  extent  of  the  electronic  wavefimction  and  the  high  density  of  states  of  different 
principal  and  angular  momentum  quantum  numbers.  The  key  to  utilizing  Rydberg  atoms  for  either 
classical  or  quantum  information  is  the  ability  to  accurately  write  and  read  information  to  and  from 
the  atom. 

Using  the  funds  provided  by  this  DURIP  grant  and  the  associated  University  matching  funds 
we  have  been  able  to  purchase  a  high  resolution  dye  laser  and  a  20  fs  mode  locked  Ti:  Sapphire 
laser.  The  high  resolution  of  the  former  enables  us  to  select  single  atomic  states  in  an  electric  field. 
The  Ti:Sapphire  laser  provides  stable  spectrally  broad  pulses  which  we  are  using  as  the  starting 
point  for  constructing  shaped  optical  pulses.  Shaped  optical  pulses  enable  us  to  create  coherent 
superposition  states  in  which  the  amplitudes  and  phases  of  the  constituent  eigenstates  are  precisely 
controlled,  allowing  us  to  write  information  on  a  single  atom  and  recovery  of  the  information  at  a 
later  time.  The  20  fs  laser  also  allows  the  generation  of  sharper  half  cycle  THz  pulses  which  are  an 
important  part  of  our  efforts  to  improve  the  impulsive  momentum  retrieval  as  an  information 
readout  technique. 

The  frozen  Rydberg  gas,  i.e.,  a  sample  of  Rydberg  atoms  at  a  temperature  of  lmK  and  a 
density  of  109cm'3,  exhibits  properties  similar  to  ones  one  might  normally  expect  to  see  in  a  solid  at 
a  density  of  1023  cm'3.  The  atoms  interact  with  each  other  through  their  large  electric  dipole 
moments,  and  this  interaction  has  been  proposed  as  the  basis  of  quantum  logic  gates.  The  DUREP 
funds  and  associated  University  matching  funds  have  enabled  us  to  acquire  the  requisite 
instrumentation  to  generate,  control,  and  characterize  millimeter  waves  at  frequencies  up  to  200 
GHz  with  sub  kHz  linewidths.  We  have  acquired  active  and  passive  frequency  multipliers, 
amplifiers,  precision  attenuators,  fast  switches,  and  waveguide  hardware.  We  have  used  this 
equipment  both  to  manipulate  the  populations  in  the  frozen  Rydberg  gas  and  as  a  sensitive  spectral 
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ptobe  of  the  interactions  among  the  atoms.  We  have  recently  verified  experimentally  that  the  earlier 
proposed  explanation5,6  for  the  anomalous  breadth  of  dipole-dipole  energy  transfer  resonances  is 
correct.  Experiments  currently  underway  using  the  millimeter  waves  as  a  spectral  probe  indicate 
that  the  random  spacing  of  the  atoms  in  the  Rydberg  gas  leads  to  very  inhomogeneous  samples  of 
atoms,  which  range  from  those  which  are  strongly  interacting  to  non  interacting. 

In  sum,  the  instrumentation  provided  by  the  DURIP  grant  has  provided  essential  new  tools 
for  these  two  AFOSR  sponsored  research  programs. 

References 

1.  J.  Ahn,  T.C.  Weinacht,  and  P.H.  bucksbaum,  Science  287, 463  (2000). 

2.  D.  Jaksch,  J.J.  Girac,  P.  Zoller,  S.L.  Rolston,  R.  Cote,  and  M.D.  Lukin,  Phys.  Rev.  Lett.  85, 
2208  (2000). 

3.  M.D.  Lukin,  M.  Fleishuner,  R.  Cote,  L.M.  Duan,  D.  Jaksch,  J.J.  Cirac,  and  P.  Zoller,  Phys. 
Rev.  87,  037901  (2001). 

4.  J.S.  Frasier,  V.  Celli,  and  T.  Blum,  Phys.  Rev.  A  59,  4358  (1999). 

5.  W.R.  Anderson,  J.R.  Veale,  and  T.F.  Gallagher,  Phys.  Rev.  Lett.  80, 249  (1998). 

6.  I.  Mourachko,  D.  Comparat,  F.  de  Tomasi,  A.  Fioretti,  P.  Nosbaum,  V.M.  Akulin,  and  P. 
Pillet,  Phys.  Rev.  Lett.  80, 253  (1998). 

7.  X.  Wang  and  W.E.  Cooke,  Phys.  Rev.  A  46,  4347  (1992);  W.E.  Cooke  personal 
communication. 

8.  I.  Mourachko,  W.  Li,  and  T.F.  Gallagher,  Phys.  Rev.  A  70,  accepted  for  publication  (2004). 


4 


